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ABSTRACT:

X-Ray photoelectron spectroscopy (XPS) studies have been performed on

polypyrrole-2,3-dichloro-5,6-dicyano-p-benzoquinone (PPY-DDQ) and polypyrrole-tetrachloro-
o-benzoquinone (PPY—chloranil) complexes prepared via the simultaneous chemical polymer-
ization and oxidation of pyrrole by the respective acceptor. XPS data suggested that the charge
transfer interactions in both complexes probably proceeded further than the pure formation of a
molecular complex. The negative charges of both organic anions were mainly localized on the
oxygen and the chlorine atoms and to some extent on the nitrogen of DDQ. More extensive charge
transfer interaction and higher fraction of pyrrole nitrogen with positive charge were observed in
the PPY-DDQ complex, which exhibited a substantially higher electrical conductivity than the

corresponding PPY—chloranil complex.
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Due to their relative physicochemical and
electrical stability and well-characterized stoi-
chiometry, highly conductive polyheterocy-
cles, polypyrrole (PPY) in particular, have
attracted a great deal of interest in recent
years.!'? Most of the recent interest on con-
ductive PPYs, however, are devoted to the
materials obtained from electrochemical poly-
merization and oxidation. For example, most
of the X-Ray photoelectron spectroscopy
(XPS) studies were centered on electrochemi-
cally prepared PPYs and related polyhetero-
cycles.>”7 We reported recently on the XPS
technique as a convenient tool for analysing
the polymer-acceptor interactions in chemi-
cally synthesized PPY-halogen complexes.®

XPS technique has also been found to be
suitable for studying electron donor-acceptor
interactions in organic systems because of its
ability to elucidate the structure of reaction
products and to detect any redistribution of

charges within the molecules resulting from
charge transfer.® Although numerous charge
transfer interactions between polymers and
various organic electron acceptors have been
reported,!®” '3 the application of XPS tech-
nique in the studying of polymer-organic ac-
ceptor interactions has been limited. Recently,
we reported on the simultaneous chemical
polymerization and oxidation of pyrrole by
organic electron acceptors, 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ) and tetra-
chloro-o-benzoquinone (chloranil).’* Thus, it
would be of great interest to carry out a
detailed XPS study on this new family of
chemically synthesized PPY—organic acceptor
complexes. It is hoped that the results obtained
therefrom may help to provide a better under-
standing of the charge transfer interactions in
these complexes.
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EXPERIMENTAL

Polymer Samples

The polymer samples used for this study
comprise of PPY-DDQ and PPY-chloranil
complexes. All samples were prepared in the
bulk via the simultaneous chemical polymer-
ization and oxidation of pyrrole by the re-
spective organic acceptor.'* The PPY-DDQ
and PPY-chloranil complexes so prepared are
granular in nature and have room temperature
electrical conductivity in the order of 10~ ! and
1073Scm ™!, respectively, when measured on
compressed pellets. Conductivities below room
temperature were measured in situ in a liquid-
nitrogen cryostat in the presence of an inert
atmosphere. The conductivity of both com-
plexes exhibits only a weak temperature de-
pendence at temperatures below room tem-
perature, as shown in Figure I, in the con-
ventional two probe measurements. The 1/4
power temperature dependence of conduc-
tivity has also been widely observed in other
chemically'® as well as electrochemically'® syn-
thesized and oxidized PPYs and has been
attributed to the presence of Mott’s model'’

of variable-range hopping between localized
states near the Fermi surface. The infrared ab-
sorption spectra for both complexes suggest
the presence of a linear chain of a,a’-disubsti-
tuted pyrrole rings.'*

XPS Measurements

X-Ray photoelectron spectroscopy (XPS)
measurements were made on an ESCA 750
spectrometer with a MgKa X-Ray source
(1253.6eV photons) through the courtesy of
Toray Research Center, Inc., Shiga, Japan. All
samples were measured in powder form. The
sample sizes were in the order of 1 to 10 mm in
diameter. All spectra were referenced to the
Cls neutral carbon peak at 284.6eV. The peak
area ratios for various elements were corrected
by experimentally determined instrumental
sensitivity factors.

RESULTS AND DISCUSSION

Since both PPY-DDQ and PPY-—chloranil
complexes contain oxygen, nitrogen, chlorine
and carbon, the core-level spectra were ob-
tained for all of the four elements. Figure 2a
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of the electrical conductivity of PPY-DDQ and PPY-—chloranil
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and 2b show the respecive Nls core-level
spectrum for the PPY-DDQ and PPY-
chloranil complex. Both spectra were fitted to
Gaussian component peaks. For both com-
plexes, the main component peak at about
399.5eV is attributable to the neutral nitrogen
species of the complex. The presence of a small
component peak in the PPY-DDQ complex
which has a chemical shift of —1.5eV from the
neutral nitrogen peak can probably be as-
sociated with the presence of negatively charg-
ed nitrogen in the organic acceptor. A main
Nls peak at about 398eV has been reported
for the organic salt complexes involving
tetracyanoquinodimethan anion (TCNQ™).'8
The two high binding energy components at
401eV and 402.5eV can be assigned to ni-
trogen atoms of the pyrrole associated with

a

n

=

=z

D

o

[v'4

<

=

= A
2 b /
= /
z L I

410 4(‘)5 4(‘)0 395
B.E./eV

Figure 2. Nls XPS core-level spectrum of (a) PPY-
DDQ and (b) PPY—chloranil complex.
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positive charge.” The fraction of pyrrole nitro-
gen with positive charge was calculated to be
about 0.18 for the PPY—chloranil complex and
about 0.43 for the PPY-DDQ complex. The
N1ls spectrum of the latter complex has to be
corrected for the contribution from the cyano
group of DDQ. The DDQ acceptor level in
this case can be readily determined from chlo-
rine balance based on the corrected Cl2p
core-level peak area.

Figure 3a and 3b show the C12p core-level
spectrum for the PPY-DDQ and PPY-
chloranil complex, respectively. The spectrum
of each complex can be deconvoluted into two
major components with a shake-up satellite at
the high binding energy tail. The component at
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Figure 3. Cl2p XPS core-level spectrum of (a) PPY-
DDQ and (b) PPY—chloranil complex.
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197.2 ¢V is attributable to chloride anion while
the component at a higher binding energy of
200.5eV corresponds to covalently bonded
chlorine. Comparison of the two spectra clear-
ly shows that the proportion of chloride ion is
substantially higher in the PPY-DDQ com-
plex. The presence of shake-up satellite struc-
ture in both complexes indicates that the ring
structure of the acceptor probably remains
intact. However, the presence of chloride
anion readily suggests that some of the chlo-
rine atoms on the acceptor have been re-
placed probably by the formation of linkage
between positively charged pyrrole nitrogen
and the acceptor. The mechanism of interac-
tion is supported by the overall charge balances
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Figure 4. Cls XPS core-level spectrum of (a) PPY-
DDQ and (b) PPY—chloranil complex.
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of the complexes (see below). A similar mech-
anism has been proposed to account for the
formation of chloride anion and pyridinium
cation in the pyridine—hloranil charge trans-
fer interaction.’

The Cls core-level spectral for both com-
plexes are shown in Figure 4a and 4b. The
spectrum for each complex suggests the pres-
ence of three types of oxygen. The peak at
532.4eV can be assigned to the carbonyl struc-
ture of the original acceptor. A negative bind-
ing energy shift of 1.5eV probably corre-
sponds to the formation of benzoquinone or
semi-benzoquinone anion resulting from the
charge transfer.® The formation of DDQ and
chloranil benzoquinone anion as a result of
charge transfer has been widely observed.'® On
the other hand, however, a positive binding
energy shift of 1.5eV strongly suggests that
some of the carbonyl oxygen are involved in
the formation of =C-O- structure. For
PPY—chloranil complex, we may have to rule
out any substantial formation of linkage be-
tween carbonyl oxygen and positively charged
nitrogen of the pyrrole moiety, since the proc-
ess would probably require equal amount of
oxygen with positive and negative shift in
binding energy to be observed.® In the case of
PPY-DDQ complex, about equal amount of
oxgen with positive and negative shift in bind-
ing energy was observed. Surface oxidation®*?
products may also contribute to a small extent
to the two higher binding energy species since
the present complexes appear to contain a
slight excess of oxygen, as in the case of other
PPY complexes.!®*2° In the present work, the
ratio of the total area, after correction with the
appropriate elemental sensitivity factor, of
the positively-charged nitrogen (B.E.>401¢V)
to the sum of benzoquinone anion (B.E.
531eV), chloride anion (B.E. 197eV) and, in
the case of PPY-DDQ complex, cyano anion
(B.E. 398¢eV) was calculated to be 0.95 and
1.10, respectively, for the PPY-DDQ and
PPY—chloranil complex. Thus, a close balance
in the positive and negative charges was ob-
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Figure 5. Cls XPS core-level spectrum of (a) PPY-

DDQ and (b) PPY—chloranil complex.

served in both complexes, based on the XPS
results and the peak assignments.

The Cls core-level spectrum (Figure 5a and
5b) of both complexes are skewed towards the
high binding energy side with the main com-
ponent peak at 284.4eV. Similar line shape has
been observed in other oxidized PPYs pre-
pared electrochemically® or chemically.® The
peak widths (FWHM) for the main com-
ponent are 2.0eV and 1.8eV, respectively, for
the PPY-DDQ and PPY-chloranil complex.
The broader peak observed in the former is
probably due to the contribution from the
cyano group of DDQ. In the PPY-chloranil
complex, most of the chloranil contain the
>C-O- structure and most of the chlorine
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remain covalently bonded to the acceptor.
Thus, it is not surprising that the Cls core-
level spectra of the PPY-—chloranil complex
shows a significantly higher proportion of the
peak component at 286.1eV, attributable to
the C-O, C-N, and C-C1 linkages. The peak
at 287.6eV is associated with the carbonyl
group. However, the small peak at about
288.5eV is as yet unidentified, but the high
binding energy suggests the presence of
electron-withdraw atoms, possibly as a result
of surface oxidation.® Finally, at 291.0eV, a
shake-up satellite arising from the aromaticity
of the polymer and acceptor can be resolved.

The normalized relative spectra intensities
of the various elemental species suggest that
there are 3-4 pyrrole units to every acceptor
molecule. The result is consistent with the bulk
elemental analysis, as well as with the stoi-
chiometry of other oxidized PPYs prepared
either by electrochemical? or chemical'®?!
methods. The question concerning the exact
chemical structure of the complexes cannot be
answered without further experimental data,
such as the initial position of attack by the
pyrrole ring and the position of chlorine sub-
stitution. Furthermore, the valency of the ac-
ceptor anions needs special consideration. In
the case of PPY-DDQ complex, the XPS data
suggest that the total number of negative
charges exceeds the total number of DDQ
species in the complex. Thus, it is likely that
some of the DDQ may exist as di- or higher
valent anions. However, in the case of PPY-
chloranil complex, the total number of anions
is lower than the number of chloranil species
present. This suggests a mixed valence com-
plex?? with incomplete charge transfer. The
result is in agreement with the earlier experi-
mental observation that chloranil is less tight-
ly complexed with PPY than DDQ.!* How-
ever, one still cannot rule out the presence of
di- and higher valent complexes, especially in
the light that the presence of divalent anion
has been suggested for the pyridine—chloranil
complexes® and other complexes involving
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chloranil.?3

CONCLUSION

The nature of charge transfer interactions in
chemically synthesized PPY-DDQ and PPY-
chloranil complexes were studied by XPS.
More extensive charge transfer interactions
were observed in the PPY-DDQ complexes,
which exhibits a substantially higher conduc-
tivity. In both complexes, the negative charges
were localized on the functional groups of the
acceptor with the charge transfer having pro-
ceeded further than the formation of a mole-
cular complex. Close balance was observed
between the number of positively charged nit-
rogen and the sum of the total anion species
in each complex.
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